Silanized aluminum borate whiskers (ABWs) of 4 wt%, silanized zirconium dioxide nanoparticles (nano-ZrO2) of 2 wt% were mixed with polymethyl methacrylate (PMMA) powder to get ZrO2-ABWs/PMMA composites. Titanium dioxide (TiO2), silver-supported titanium dioxide (Ag/TiO2), silver-supported zirconium phosphate (Novaron) and tetrapod-like zinc oxide whiskers (T-ZnOw) antibacterial agents of 3 wt% were mixed with ZrO2-ABWs/PMMA composites respectively to fabricate standard specimens. Plaque biofilms on the specimens surface were investigated for colony-forming units (CFUs). In addition, cytotoxicity and mechanical behavior were evaluated. Results showed that the CFUs values of S. mutans and C. albican biofilms on the four antibacterial composites surface were all reduced (p<0.05) compared to the blank and control groups. The antibacterial composites did not have an adverse effect on fibroblast growth in this study (p>0.05) except TiO2 and Ag/TiO2 groups of undiluted extracts. The flexural strength and surface hardness of Novaron and T-ZnOw groups were increased (p<0.05) compared to the control group.
INTRODUCTION
Dental acrylic resin has been widely used in dentistry since it was developed by Walter Bauer in 1936. These resins commonly consist of methyl methacrylate (MMA) and polymethyl methacrylate (PMMA) 1, 2) . According to the different methods of polymerization, there are heatcuring, self-curing and light-curing resins available, and the appropriate type is selected based on the purpose. Self-curing acrylic resins, which are polymerized by mixing polymer powder and monomer liquid at room temperature 3) . They are widely used in provisional prosthesis, temporary prosthetic base materials, repairing dentures and orthodontic removable appliances due to its desirable and handling characteristics: low cost, easy handling and processing, easy to polish and repair, and excellent esthetics and biocompatibility in the oral environment 4, 5) . However, PMMA have some disadvantages such as insufficient surface hardness, low flexural strength 6) and poor antibacterial activity 7) , the last is the common cause of caries of abutment and denture stomatitis 8) . To circumvent the less-than-ideal PMMA denture base material, diverse methods have been attempted to improve the mechanical property 9) . Inorganic fillers such as fibers and particles have been widely used in the reinforcement of PMMA, and have been proved to be an effective way to improve the mechanical properties 10) . Among those whiskers being used, aluminum borate whiskers (ABWs) were first developed in 1980s, which offer superior mechanical properties at a low cost 11) . Meanwhile, zirconium dioxide (ZrO2) is regularly used particle fillers, which possess excellent properties like: high strength, high fracture toughness, excellent wear resistance, high hardness, and excellent chemical resistance. All of them have demonstrated their outstanding ability in enhance the mechanical behavior of resin 12) . And our previous research confirmed that both ABWs and ZrO2 were added in PMMA with certain proportion, the results showed that they could improve the mechanical properties obviously 10, 11) . Another clinical problem associated with self-curing acrylic resins is the adhesion of dental plaque formed by oral microorganisms due to the PMMA's high water absorption capacity, surface porosities and materia alba configuration 13) . Denture plaque is a source of infection and is responsible for a variety of clinical problems, including abutment caries, denture stomatitis and aspiration pneumonia 14) . More importantly, virulent factor released from denture plaque is known to be a significant risk factor for opportunistic infections and aspiration pneumonia especially in elderly people and in individuals who are immunocompromised 15) . Streptococcus mutans is regarded as a major etiological agent of dental caries 16) while Candida is a common bacteria which may cause Candida-associated denture stomatitis 17) . Thus, a restorative material that possesses antibacterial properties and inhibits bacterial growth around the restoration would be desirable. However, other problems must not be overlooked, that are the mechanical properties should not be weakened Antibacterial activity, cytotoxicity and mechanical behavior of nano-enhanced denture base resin with different kinds of inorganic antibacterial agents 18) . Therefore, the choice of specific antibacterial agents is important for incorporation into PMMA.
In present study, we chose four different inorganic antibacterial agents (titanium dioxide (TiO 2), silversupported titanium dioxide (Ag/TiO2), silver-supported zirconium phosphate (Navaron), and tetrapod-like zinc oxide whiskers (T-ZnOw)) to fabricated antibacterial ZrO 2-ABWs/PMMA composites and investigated their antibacterial activities against oral microorganisms, mechanical behaviors and cytotoxicities.
MATERIALS AND METHODS

Materials
The PMMA powder and MMA monomer (Batch No. 201103, Shanghai Medical Instruments, Shanghai, China) were prepared as the denture-based resin. Two types of enhanced mixtures: ZrO 2 particles (granularity: 90 nm, Tosoh, Tokyo, Japan), ABWs (diameter<1.5 µm, length: 5-30 µm, Shanghai Whisker Composites, Shanghai, China) and four types of antibacterial agents: TiO 2 (granularity:15-30 nm, Hangzhou Wanjing New Material, Hangzhou, China) Ag/TiO2 (particle size: 30 nm, Hangzhou Wanjing New Material), Novaron AG300 (N, average particle size: 0.8 mm, Toagosei, Tokyo, Japan), T-ZnOw (diameter: 0.5-5 µm, Chengdu Crystrealm, Chengdu, China) were used. Silane coupling agent (Z-6030), namely, γ-methacryloxypropyltrimethoxy (γ-MPS) purchased from Dow Chemical Company (USA).
Specimens
Nano-ZrO 2 particles and ABWs were silanied with 1.5 and 2 wt% of γ-MPS respectively. Two weight percentage silanized nano-ZrO 2 particles and 4 wt% silanized ABWs were mixed with PMMA powder by ball milling (XQM, Nanjing Kexi Laboratory Apparatus Research Institute, Nanjing, China) at a speed of 180 rpm (revolutions per min) for 120 min to get ZrO 2-ABWs/PMMA composites according to the previous studies 10) . TiO2, Ag/TiO2, Novaron and T-ZnOw of 3 wt% were mixed with the composites respectively. Then the composites were mixed with MMA monomer at a 2:1 powder-to-liquid ratio. Table 1 lists the different groups of composition prepared in this study.
The specimens were standardized to dimensions of 10 mm diameter and 2 mm height to study the antibacterial activity and cytotoxicity tests. Besides, dimensions of 64 mm length, 10.0±0.2 mm width and 3.3±2 mm height to conduct the mechanical properties based on the recommendation of ISO 20795-1 19) . Then, all the specimens were immersed in distilled water for 15 min at 55±2°C for polymerization. Additionally, all the specimens were mechanically polished to 400 mesh by wet abrasive paper and a grinder-polisher (Phoenix Beta, Buehler, Chicago, IL, USA). For the test of antibacterial activity and the cytotoxicity, the specimens were disinfected with ethanol and then conducted under UV light lamp (15 W, Philips, Amsterdam, the Netherlands) with the wavelength between 300 and 400 nm for 4 h each side. The distance between the UV light and the specimens was kept as 10 cm.
Antibacterial activity
Two kinds of bacterium Streptococcus mutans UA159 (S. mutans), and Candida Albican's 76615 (C. Albican's) (Shanghai Key Laboratory of Stomatology, Shanghai, China) were used in this study. The bacterium were cultivated in 5 mL of brain heart infusion broth culture (BHI) (BD, Franklin Lakes, NJ, USA) under aerobic condition at 37°C for 24 h. Then, the bacterial suspension was adjusted to 1.0×10 6 colony forming units CFUs/ mL for the future experiment. After sterilizing under ultraviolet for 2 h each side, six disk-shaped specimens of each group were placed in a 48-well plate with 500 µL of BHI and 50 µL of inoculated bacterial suspension in every well for 24 h. The bacteria in the biofilms on disks were harvested by pipette and serially and diluted to 10 −6 times, then 50 µL of the diluted bacterial liquid was seeded into a BHI agar plate to culture. After 24 h of anaerobic culturing, the CFUs of bacteria from each BHI agar plate were measured. Also we've got the antibacterial rate through the following formula: R=(b−c)/ b×100%. R is antibacterial rate. b is CFUs of control group and c is CFUs of each experimental groups.
Cytotoxicity test
The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazorium bromide (MTT) assay was used to evaluate the cytotoxicity of composites. The sterilized specimens were immersed in 10 mL Dulbecco's modified Eagle's medium (DMEM, Sigma, St. Louis, Mo, USA) and agitated at 37°C and 5% CO2 for 24±2 h to obtain the eluent (ISO10993-5 20) ). And the surface/volume ratio of the specimen and the medium was 1.25 cm 2 /mL extracts according to the ISO 10993-12 21) . After incubation, the extracts were filtered into sterile tubes through 0.22 μm filters and diluted 2-fold with fresh DMEM for the cytotoxicity test. Medium without eluent solution was served as the negative control, and DMSO was used as a positive control.
L-929 mouse fibroblasts cells (Shanghai Key Laboratory of Stomatology) were cultured in DMEM at 37°C, 5% CO 2 and 100% relative humidity. A seeding density of 4.0×10 3 cells/well was inoculated into 96-well plates (200 µL per well) for 24 h. The medium was replaced by the same volume of extracts and its 2-fold dilution. Meanwhile, the negative and positive group were performed. After 24 h incubation, 20 µL of MTT (0.5 mg/mL MTT in PBS) was added to each well followed by incubation for 4 h at 37°C in dark. Then the MTT was aspirated and 200 µL/well of DMSO was added accordingly. The plates were then slightly stirred at room temperature for 10 min, and the optical density at 490 nm was recorded using a microplate reader (Labsystem Multiskan EX, LabWrench, Midland, Canada).
Mechanical behavior
Specimens from each group (n=6) were tested in a threepoint bending test using a universal testing machine (EZ20, Lloyd Instruments, West Sussex, UK). A standard three-point flexural test with a span of 50 mm was used to fracture the specimens at a crosshead speed of 5 mm/min. The results were recorded with the PC software. After three-point bending testing, features of the fractured surfaces of each test group were observed using field emission scanning electron microscope (FE-SEM; Sirion 200, FEI, Hillsboro, OR, USA). Also, after polishing to a mirror surface, the Vickers hardness of the specimens, randomly chosen from each test group was measured with microhardness tester (HX-1000, Shanghai Taiming Optical Instruments, Shanghai, China). Six points on each specimen were tested by applying a 50 g (0.49 N) load for 10 s.
Statistical analysis
Data were analyzed by one-way analysis of variance (one-way ANOVA) using Spss 13.0 statistical software. Multiple comparisons of the means among test groups were performed using the Student-Newman-Keuls multiple range test, with the value of significance set at p<0.05.
RESULTS
Antibacterial activity
The results of CFUs are presented in Fig. 1A was the antibacterial property against S. mutans and B was for the C. albicans. The 3 wt% additions of various antibacterial agents had significantly antibacterial activities compared to the control and blank groups (p<0.05) and the Novaron and T-ZnOw groups had higher antibacterial property than the other groups (p<0.05). In addition, the results showed similar tendency against both bacterium. Figure 2 show the cytotoxicity of the composite eluents. The results revealed that there were no significant differences between all the eluent groups and the negative group after 24 h incubation in the 2-fold diluted eluents ( Fig. 2A) (p>0.05) . And the undiluted extracts (Fig. 2B) showed TiO 2, Ag/TiO2 groups were different significantly from other groups (p<0.05). The present study demonstrated that the relative cell viability of the undiluted eluent groups of TiO 2, Ag/TiO2, Novaron, T-ZnOw were 80.21, 81.86, 96.04 and 90.88% respectively, and 2-fold diluted eluents groups of TiO2, Ag/TiO2, Novaron, T-ZnOw were 84.38, 85.31, 98.03 and 94.74% respectively. Figure 3 shows the flexural strength (A) and surface hardness (B) results. The Novaron and T-ZnOw groups had higher value than the blank group and control group significantly (p<0.05). And Novaron group achieved the highest flexural strength, T-ZnOw group achieved the highest surface hardness. The fracture surface of each group is observated with SEM shown in Fig. 4 . The fracture surface of the blank group exhibited a characteristic of brittle fracture with some sharp edges cracks (A), while in the other groups, the fracture surface exhibited a ductile dimple pattern type of ductile fracture (B-F).
Cell viability in vitro
Mechanical properties
DISCUSSION
Antibacterial agents can be broadly classified into organic and inorganic. Organic antibacterial materials are often less stable particularly at high temperatures and pressures compared to inorganic antibacterial agents. Inorganic materials such as metal and metal oxides have attracted more attention over the past decade due to their ability to withstand harsh process conditions 22) . Thus in the present study, we chose four inorganic antibacterial materials incorporating into ZrO 2-ABWs/PMMA to fabricate antibacterial composites and the results showed that all the four materials could inhibited S. mutans and C. albicans while Ag/TiO 2, Novaron showed the stronger ability. In addition, this study investigated the effects of the composite on flexural strength and cell viability in vitro. The results indicated that the composite was obtained without compromising mechanical properties and increasing cytotoxicity.
TiO 2 acts as a photo-catalyst has been used extensively for killing different groups of microorganisms including bacteria, fungi and viruses 23) . Electron/hole pairs are generated if TiO2 interacts with light having energy higher than the TiO2 band gap. The generated electron/hole pairs can consequently interact with O 2 and H2O and form reactive oxygen species (ROS) such as superoxide anion radicals (O 2− ) and hydroxyl radicals (OH − ) 24) . During this reaction, ROS stick on the membrane of the bacteria occurring lipid peroxidation reaction to cause the damage of cellular proteins and even lead to cell death 25) . Before the experiment, UV was used to sterilized the specimens and stimulate TiO2 to induce the ROS. Also the visible light containing portion of UV illumination was used in the whole experiment to ensure the ROS production. ROS could be the major reason of observed antimicrobial activity of TiO 2.
However, there is still a basic problem that TiO2 is limited to ultraviolet (UV) illumination 26) . In addition, the fast recombination of photogenerated electronhole pairs is another limitation for the application of TiO 2. In order to solve the two problems, incorporating plasmonic metal nanoparticles have been attempted to harvest visible light and reduce recombination 27) . Ag is a favorable metal for incorporation into TiO2 because that Ag acts as an electron traps can inhibit the recombination of photo-generated electron and hole pairs and thus enhance the overall photocatalytic activities of the composite 28) . Also, Ag nanoparticles (NPs) have been reported to exhibit the highest bactericidal activity and biocompatibilities 29) . Ag NPs show two different ways of antibacterial mechanism. Firstly, Ag NPs attach to the surface of the cell membrane and disturb its power functions, such as permeability and respiration. Secondly, Ag NPs are able to penetrate the bacteria and have inactivated their enzymes, generating hydrogen peroxide and causing bacterial cell death 30) . Thus, in the present experiment, the composites incorporating Ag/TiO2 showed better antibacterial property compared to the TiO2 composites.
Ag NPs with diameters less than 200 nm tend to aggregate spontaneously, and their stability in air, water, or sunlight is not good enough for long term applications 31) . To solve this problem, a wide range of materials have been employed to support Ag NPs to be homogeneously formed without aggregation 32) . Silverloaded zeolite and zirconium phosphate are recently emerging as various commercial products 33) . Novaron is a silver-supported inorganic anti-microbial agent and exhibits an excellent anti-microbial efficacy to wide variety of microorganisms 34) . The antimicrobial mechanism of Novaron is presumed to involve either or both of the following steps: silver ions inhibit the vital metabolism of bacteria or activated oxygen is generated from water to lightly destroy the cell membranes of bacteria 8) . Otherwise, Novaron can be easily mixed into textiles, films, and molded plastic products and has found usage in medical environments, medical devices, plastics, fabrics, paints, and polymeric food and drug administration 35) . The results in the present experiment also confirmed that the Novaron possessed strong antibacterial property.
T-ZnOw is a special whisker with three-dimensional structure: four needles grow from one point and the angle between every two needles is 109°28´3 6) . The whiskers have many superior properties, such as semiconductivity, wear resistance, ultraviolet absorption and antibacterial effect 37) . Many studies of the possible antibacterial mechanism of T-ZnOw have been done recently 38, 39) . However the most accepted mechanism is that the whisker tip is less than 1 nm and is semiconductive, which can result in the following reactions: ZnO+hν→e 38) . Other authors suppose that Zn 2+ on the composites surface can direct contact bacteria will lead to cell inactivation through damage to the integrity of cell membrane 39) . From the results, we could see T-ZnOw showed well antibacterial property incorporating into the composites.
On the other hand, mechanical properties and cytotoxicity of acrylic resins are as much important. A standard minimal limit has been established for any acrylic resin types flexural strength by ISO 20795-1(2008) 19) for dentistry base polymers. It has been stated that ultimate flexural strength of any polymerized materials shall not be less than 50 MPa. Researches on the TiO 2 into the PMMA showed that incorporation of nano-sized TiO2 adversely affected the mechanical properties and the flexural strength values decreased with increase in concentration of TiO 2 40) . NPs were easy to agglomerate and the agglomerated compounds could act as stress concentrating center in the matrix and adversely affect mechanical properties of the polymerized material 41) . Therefore, in this study, incorporation of nano-sized TiO2 and Ag-TiO2 decreased the mechanical properties but there were no significant differences compared to the control group probably within the range of an appropriate ratio. Our previous study suggested that a synergistic effect in the prominent mechanical properties of the composites was achieved through Novaron, based on the silanization for the both reinforcers 8) . The same results were showed in this study. Incorporation of Novaron and both reinforcers achieved high mechanical properties. Many recent researchers found that T-ZnOw whisker reinforced sample avoided the oriented distribution due to its 3D structure, which endows the polymer composites the isotropic rather than the anisotropic properties 42, 43) . Therefore, the T-ZnOw exhibited great reinforcement effect as in this research. The experiment results showed that the flexural strength of all the antibacterial composites are more than 50 MPa and the surface hardness had no significant differences with the control group. Thus incorporating the antibacterial materials could not comprise the composites mechanical properties. In addition, the present study demonstrated that the relative cell viability percentages of the Novaron and T-ZnOw groups were all greater than 90% after 24 h incubation, and classified as non-cytotoxic, while the TiO 2 and Ag/TiO2 groups were classified as slightly cytotoxic. Therefore, the material was qualified according to ISO 10993-5:2009 20) . Typical saliva flow is approximately 1,000-1,500 mL/day for an average person. Hence, diluting 128-fold of the original extract yields a total of 1,280 mL of culture medium, which can be used to approximate the amount of saliva in the mouth in 24 h 44) . In the present study, even at the 2-fold dilution, with a total solution volume of approximately 1/64 of the saliva volume per day in vivo, the Novaron groups still exhibited nearly 100% fibroblast viability.
CONCLUSION
Antibacterial agent type is important to affect the composite properties. The study compared four inorganic antibacterial materials for the antibacterial property, mechanical activity and cytotoxicity. The results showed that antibacterial with 3 wt% Novaron and T-ZnOw in ZrO 2-ABWs/PMMA composites possess substantially higher antibacterial activity, flexural strength, surface hardness and without compromising the cytotoxicity of composites.
